[1] Continuous GPS time series from three of four recently measured, large subduction earthquakes document triggered rapid postseismic fault creep, representing an additional moment release upward of 25% over the weeks following their main shocks. Data from two M w = 8.0 and M w = 8.4 events constrain the postseismic centroids to lie down dip from the lower limit of coseismic faulting, and show that afterslip along the primary coseismic asperities is significantly less important than triggered deep creep. Time series for another M w = 7.7 event show 30% postseismic energy release, but here we cannot differentiate between afterslip and triggered deeper creep. A fourth M w = 8.1 event, which occurred in the broad Chilean seismogenic zone, shows no postseismic deformation, despite coseismic offsets in excess of 1 m. For the three events which are followed by postseismic deformation, stress transferred to the inferred centroids (at 34, 60, and 36 km depths) by their respective main shock asperities increased reverse shear stress by 0.5, 0.8, and 0.2 bar with a comparatively small decrease in normal stress (0.01 bar), constraining the Coulomb stress increase required to force slip along the metastable plate interface. Deep triggered slip of this nature is invisible without continuous geodesy but on the basis of these earthquakes would appear to constitute an important mode of strain release from beneath the seismogenic zones of convergent margins. These events, captured by some of the first permanent GPS networks, show that deep moment release is often modulated by seismogenic rupture updip and underscore the need for continuous geodesy to fully quantify the spectrum of moment release in great earthquakes.
Introduction
[2] The characteristics of strain accumulation and release down dip of subduction zone seismogenic plate contacts are not well understood. Thermal and constitutive models of most subduction zones indicate that the plate interface transitions with increasing depth from purely stick-slip, seismogenic behavior to stable sliding, between which lies a regime where runaway fault rupture cannot self-nucleate. The frictional characteristics of this metastable region are complex. The interface here is thought to be able to both sustain seismogenic slip rates if triggered by dynamic stresses accompanying incoming rupture fronts and also to be able to creep slowly, with rupture rates below that detectable by most forms of seismic instrumentation [Tse and Rice, 1986; Tichelaar and Ruff, 1993; Byrne et al., 1988; Hyndman and Wang, 1995; Marone and Scholz, 1988; Scholz, 1989; Dieterich, 1992] . Observationally, most laboratory constraints on the constitutive state here remain untested, primarily because of a lack of measured fault processes attributable unambiguously to the metastable region. Direct observation of strain accumulation uniquely along this portion of the plate contact has proven elusive because of the nonuniqueness of surface deformation inversions, as has, until recently, direct observation of slow moment release here. ''Partial locking,'' or steady creep at a fraction of the convergence rate, has proven useful for modeling interseismic surface deformation to identify the locked region but makes little sense physically, given what is known about interplate contact friction. A velocityweakening interface will not creep, yet a velocity-strengthening interface will accumulate shear stress across the interface until an equilibrium creep rate equal to the plate convergence rate is established. Neither state yields a longterm steady creep rate at a fraction of the convergence rate.
Since the metastable region is often inferred to be equal to or of greater total area than the seismogenic region, it represents a potentially important contribution to the energy budgets of subduction zones globally.
[3] Given the large increases in Coulomb stress generated along the tips of dislocations [Harris, 1998] , it might be expected that great subduction earthquakes trigger, through shear loading of the down-dip metastable plate interface, quiet, postseismic fault creep here. This would introduce a time dependency of fault slip and healing, which, over the long term, could be mathematically described, on average, as partial locking if detailed temporal observations were absent. Add to this afterslip, or postseismic creep transients along main shock ruptures, predicted by rate-and statedependent friction and observed in both continental transform settings and subduction zones [Marone et al., 1991; Scholz, 1998; Lapusta et al., 2000; Smith and Wyss, 1968; Bucknam et al., 1978; Prescott et al., 1984; Shen et al., 1994; Nakano and Hirahara, 1997; Bürgmann et al., 1997; Ueda et al., 2001; Bürgmann et al., 2001] , and the paradigm of simple stick-slip behavior begins to appear misleadingly simple.
[4] Estimates of moment release based solely on radiated seismic energy along subduction zones generally fall below that expected from plate convergence rates alone [Kanamori, 1977; Kanamori and Astiz, 1985] , which may in part reflect aseismic moment release. Long-term postseismic transients acting over years to decades have long been recognized from campaign mode occupation of leveling and triangulation networks, but to fully understand the energy budget associated with convergent margins requires filling in the spectral holes that lie between seismogenic fault processes and year timescale strain release. Historically, any rapid postseismic deformation following in the hours, days, weeks, or months after past earthquakes would have been wrongly attributed to coseismic moment release upon subsequent campaign remeasurement [Prescott and Lisowski, 1977; Thatcher and Fujita, 1984; Thatcher, 1984; Linde and Silver, 1989; Savage and Plafker, 1991; Barrientos et al., 1992; Cohen, 1998 ]. Indeed, the recent deployment of continuous GPS receivers along side campaign measurements at convergent margins now suggests that the dearth of reported transients may, in fact, be due as much to a lack of continuous observations as to a lack of genuine transients [Heki and Tamura, 1997; Lowry et al., 2001] .
[5] Here we present time series from four large subduction earthquakes, three of which, the 1995 M w = 8.0 Jalisco, Mexico, the 2001 M w = 8.4 Peru, and the 1994 M w = 7.7 Sanriku-Oki, Japan earthquakes, show significant aseismic moment release which we estimate to amount to nearly 35%, 20%, and 30% of main shock moment release over the weeks following the event (Figure 1) . A fourth event, the M w = 8.0 1995 Antofagasta, Chile, event, showed no such deformation within a few parts in a thousand, despite coseismic offsets in excess of 1 m. This fourth event is unique among the set of four in that it occurred directly updip of two M w = 7.5 (1987) and M w = 7.2 (1988) events within the exceedingly broad seismogenic portion of the Chilean subduction zone and was followed in 1998 by a M w = 7.0 event also directly down dip of primary rupture region, discussed further below. In the three regions which do show postseismic deformation, the rapid evolution of the signal and our existing knowledge of crustal and mantle wedge viscosities [Winder and Peacock, 2001; James et al., 2000] require that that the observed deformation be attributed to slow faulting along the plate interface rather than crustal or mantle relaxation processes.
Data Analysis
[6] Deformation accompanying all earthquakes was measured with dual-frequency P code receivers and processed using the GIPSY-OASIS II software [Lichten and Border, 1987] and ephemerides and satellite clock corrections provided by the International Geodynamics Service [Zumberge et al., 1995] . In this process, station coordinates, carrier phase biases, zenith troposphere delays, and station clocks were estimated using 24-hour data arcs. Station coordinates were processed using 2-hour (Japan and Peru), 6-hour (Mexico), and daily (Chile) stochastic coordinate resets, depending on the signal-to-noise ratio at the higher estimation rates and the deformation power contained in the higher frequencies. By applying stochastic resets to the coordinates only, the geometric strength of the 24-hour data arc for estimating the carrier phase biases and atmospheric delays is retained, and station position estimates are obtained at a higher rate without significant systematic error associated with the higher-frequency error sources. Phase biases were estimated as real valued parameters and the double-differenced biases were fixed to their dual-frequency integer equivalents using the method of Blewitt et al. [1993] . In all cases, >90% of the double-differenced phase biases were resolved. 1.1.1. The 1995 Jalisco, México (M w = 8.0), Event
[7] The Jalisco, México, GPS network lies primarily within the states of Jalisco, Colima, and Michoacan and was installed 18 months prior to the M w = 8.0 earthquake of 9 October 1995 to study the influence of the subduction of the Rivera plate on the tectonic evolution of continental North America . It was first occupied 6 months prior to the event and reoccupied 6 days afterward. Inversion of the GPS measurements revealed shallow coseismic faulting concentrated in two asperities located largely above 18 km depth, one of which reached 5 m of displacement, which together produced regional subsidence and extension throughout the network [Melbourne et al., 1997] . In the context of constraining the down-dip limit of coseismic faulting, there is good agreement between the local GPS inversion and that derived from the teleseismic analyses. This proves important for differentiating between postseismic afterslip along the main shock asperities and postseismic slip triggered distal, in this case, down dip, to the main shock rupture. Three different methods of teleseismic analysis consistently show two primary asperities at depths above 15 km, shallower than the geodetic inversion (above 18 km) but at similar distances along strike from the centroid moment tensor (CMT) centroid [Dziewonski et al., 1997; Mendoza and Hartzell, 1999; Escobedo et al., 1998; Courboulex et al., 1997] . The seismological estimates of the shallower slip distribution are probably the better estimate, given that the GPS inversion is hindered by having only mainland coastal stations and therefore becomes increasingly insensitive to variations in progressively shallower faulting. GPS stations on offshore islands, of which there are none here, could help differentiate the extent of shallow slip. Also, the homogeneous elastic half-space analytical functions embedded in the GPS inversion do not take into account radial variations in rigidity, which can be extreme over the hanging wall of a subduction zone and can introduce systematic biases [Masterlark et al., 2001; James et al., 2000; Okada, 1993] . Nonetheless, as our inferred location of faulting that produced the rapid postseismic deformation lies nearly 60 km down dip of the inferred lower limits of faulting from both GPS and teleseismic analyses, these differences are nonconsequential.
[8] One coastal station at Manzanillo Bay, continuously occupied for 9 days in March 1995, was reoccupied continuously for 9 days starting day 6 following the earthquake (Figure 2 ). Three tide gauges, one colocated with the GPS receiver in Manzanillo Bay and two far-field stations at Puerto Vallarta and Acapulco, ran continuously during the earthquake. Filtered and differenced daily tidal levels provided by Universidad Nacional Autónoma de México averaged from 6-min measurements are used to estimate vertical deformation during the 6 days not measured with GPS. Since these are daily averages, and the Jalisco earthquake occurred midday, the coseismic subsidence appears across the day break. Together, both the filtered and differenced tide data indicate 14 ± 2 cm of coseismic subsidence, followed by 7 ± 2 cm of uplift between the main shock and the start of the GPS reoccupation on day 6 (Figure 2 ) [Ortiz et al., 2000] . GPS reoccupation at day 6 showed 8.0 ± 1.3 cm of subsidence at Manzanillo, in agreement with tidal estimates assuming negligible strain accumulation during the 6 months prior to the main shock. Horizontal motion during this time measured 50 ± 0.8 cm southwest at azimuth 213°. Continuous GPS solutions from postearthquake day 6 to day 15 indicate an additional 4.5 ± 1.0 cm vertical uplift and continued 4.2 ± 1.0 cm of southwest extension at nearly the same azimuth 218°), indicating a slowing of postseismic deformation with time. There were no significant aftershocks with M w ! 5.6 during this time [Dziewonski et al., 1997] . Peru earthquake ruptured the Nazca -South American plate interface and was followed by several large aftershocks visible on the GPS times. The 1995 M w = 8.1 Antofagasta, Chile, earthquake also ruptured the Nazca -South American plate boundary. For all plots, open inverted triangles denote the location of the continuous GPS receivers, Harvard CMT focal mechanisms [Dziewonski et al., 1997] are shown, and moment magnitudes (M w ) are labeled.
[9] Since the continuous data are limited to one station, it is not possible to perform a network inversion to image the postseismic slip distribution, as was done for the coseismic and multiyear postseismic deformation. Nonetheless, the available three-component deformation vector offers simple geometric constraints about the average amount and location of the postseismic slip which immediately followed the main shock. These inferences, although based on temporally limited data, are borne out by subsequent campaign reoccupation of the Jalisco network over the following 5 years, Figure 2c is shown in Figure 2e ; heavy solid line indicates depth extent of coseismic faulting, and triangle shows inferred depth of postseismic centroid. Tide gauges (small stars) include one colocated with the GPS station in Manzanillo ( Figure 2c ) and two located in the far field at Puerto Vallarta and Acapulco. Standard deviations in north, east and up components, not plotted for clarity, measure 0.4, 0.6, and 0.9 cm, respectively. discussed further below. In particular, the vertical motion is very diagnostic of the depth extent of faulting along the plate interface. Coseismic subsidence followed by rapid postseismic uplift without change in horizontal azimuth requires reverse faulting down dip of the main shock rupture, beneath the GPS station rather than offshore from it. Significant afterslip along the coseismic rupture plane, such as that predicted by rate-and state-dependent constitutive relations alone [Scholz, 1998 ] would produce additional postseismic subsidence rather than the observed uplift, while slip propagation along strike would vary the horizontal azimuths. While the resolution limitations of the coseismic slip distribution inverted from the full 15-station GPS network offsets have been discussed previously [Melbourne et al., 1997] , it is important to note that between the GPS and teleseismic analyses the lower limit of seismogenic faulting is particularly well determined for this event, probably to within ±5 km along the plate interface. Thus there is no feasible way to produce postseismic uplift at Manzanillo except through faulting down dip of the coseismic rupture plane. A significant along-strike migration of slow slip from the coseismic asperity, in turn, would alter the azimuth of horizontal postseismic deformation, which for these data matches the coseismic. Thus the three-dimensional GPS offsets at Manzanillo derived from the vectors measured over 9 days following the event yield a best fitting postseismic slip centroid (a point source dislocation) located at 35 km depth, or 60 km down dip from the lower limit of coseismic slip. This lies within a region which did not rupture during the main shock. This centroid, of course, represents only the average postseismic slip location, and is geometrically constrained by the fact that slip significantly shallower or deeper than the centroid would produce subsidence rather than uplift and misfit in horizontal to vertical deformation ratios, respectively.
[10] Our inference from the postearthquake data of rapid, deep creep occurring well below the coseismic asperities is confirmed by subsequent campaign reoccupation of the full 26-site Jalisco GPS network in early , 1997 . Hutton et al. [2002 find the network to be characterized by continued vertical uplift and southwest extension of up to several centimeters between postearthquake October 1995 and March 1999. From this they conclude that upward of 0.4 m of slip occurred at down-dip distances of up 110 km before March 1996, or 50 km down dip from the primary coseismic asperity imaged by Melbourne et al. [1997] . From 1996 to 1999 they image continued slip of up to 20 cm down dip of the coseismic asperity and negligible slip along the coseismic asperity itself. Thus the deep creep which we image appears to have begun with the main shock and slowly decayed over the following years.
[11] It is possible to estimate the postseismic moment budget by making some assumptions about the postseismic fault plane. If we treat the 14 cm of coseismic subsidence and 11 cm of postseismic uplift which occurred during the weeks following the Jalisco event as a proxy for the total strain release but account for the difference in centroidreceiver distances, the postseismic offset indicates an additional aseismic moment release of 35% of the main shock, or the equivalent of an M w = 7.7 event. This is less than than the 70% estimated by Hutton et al. [2002] by integrating inferred postseismic creep recorded after main shock Approximately 7.75 ± 1.0 cm of easterly offset is followed by an additional 2.25 ± 1.0 cm over 10 days. The M w = 6.9 aftershock appears to demonstrate a similar phenomenon near the detection level. Vertical uplift accompanying the event is consistent with faulting occurring nearly beneath station KUJI. Slip distribution is adapted from . Formal errors in north, east, and up components measure 0.4, 0.7, and 1.3 cm, respectively. through 1999 but only includes the 2 weeks following the event, during which time postseismic deformation rates are highest [Heki and Tamura, 1997; Bucknam et al., 1978; Scholz, 1998 ].
[12] From these measurements we can also estimate creep and moment release rates. The data cannot resolve between a propagating creep front analogous to a slow version of the Heaton pulse mechanism for fault failure [Heaton, 1991] versus far-field creep triggered by static stress increases from the main shock rupture. For the former mechanism the average slip front migration velocity between the main coseismic asperity and the inferred postseismic centroid is 5 cm/s over the 15-day observation window. However, the creep appears to have started immediately after the main shock (Figure 2a) , and continued throughout the continuous GPS observation period, decaying over several years. Thus it seems likely that the latter mechanism, a uniform creep relaxation along the deeper plate interface, accommodated the static stress increases produced by the main shock rupture updip.
[13] We can estimate the stress changes required to trigger and initiate such slip beneath Jalisco. Finite dislocations all produce large Coulomb stress increases in the vicinity of their edges, which in this case can be calculated using the coseismic slip distribution inverted from the full GPS network. For all four of the earthquakes described in this paper, Coulomb stress changes due to main shock slip estimations are calculated following Harris [1998] and Stein et al. [1994] . The Jalisco main shock increased reverse shear stress across the plate interface at the inferred postseismic centroid by 0.2 bar and decreased normal stress by 0.01 bar, resulting in a large positive increase in Coulomb stress for all positive values of an effective coefficient of friction [Harris, 1998 ]. If normal stress decrease is negligible compared to ambient normal stress, then the aseismic, conditionally stable plate interface here is held within 0.2 bar of shear failure between repeating shallow seismogenic events. Note that this is only an estimate of the stress increase required to start and sustain deep slip. The absolute in situ stress magnitudes are not known, and these data do not relate to them.
[14] By making some additional assumptions about the spatial extent of the afterslip we can estimate the order of magnitude of slip at depth. If creep occurred along a downdip extension with an along-strike width comparable to the primary main shock asperity and down-dip length compa- 2001), postseismic deformation at the Arequipa receiver continues to dominate the interseismic strain accumulation, although the rate is steadily declining, similar to comparable decay seen elsewhere. Coseismic subsidence followed by postseismic vertical uplift is explained by postseismic creep down dip of the main shock, beneath the station rather than offshore of it. Formal errors for the 2-hour position estimates for the north, east, and up components are 0.7, 0.9, and 1.8 cm, respectively. rable to the coseismic and postseismic centroid spatial separation, similar to what is observed from campaign reoccupation of the Jalisco network over subsequent years, then 250 cm of cumulative slip over 15 days following the main shock is required to fit the postseismic time series, compared to the >500 cm of main shock slip. This represents an average slip rate of 16 cm/dy, which, of course, scales inversely with the assumed slip area. 1.1.2. The 1994 Sanriku, Japan (M w = 7.7), Event
[15] Two-hour solutions from the Japanese National Network (JNN) GPS station Kuji nearest the 1994 Sanriku-Oki epicenter show a similar postseismic behavior, with coseismic easterly offsets of 7.75 ± 1.0 cm followed by an additional 2.25 ± 1.0 cm over 10 days (Figures 1 and 3 ). This indicates a 30% additional moment release if postseismic slip is located along the coseismic faulting plane, as was inferred for slip over year-long timescales Heki and Tamura, 1997] . The geometry of the JNN stations is insensitive to the down-dip extent of faulting due to the lateral distance between the nearest coastal station KUJI and the coseismic rupture offshore. Thus it is not possible here to differentiate between afterslip purely along the coseismic rupture and deeper creep. Available coseismic slip inversions derived from teleseismic and regional seismic recordings predict that regional reverse shear stress increased along the inferred year-long postseismic fault on the order of 0.5 bar, twice that observed at Jalisco [Tanioka et al., 1996; Nishimura et al., 1996] . The normal stress again drops by an amount smaller than a factor of 50 of the shear stress increase, again leading to large Coulomb stress increases. Regardless of whether the coseismic and postseismic slip is colocated, the creep would suggest that the plate boundary here is not strongly coupled, as has been suggested elsewhere [Pacheco et al., 1993] . Discounting normal stress change indicates that the conditionally stable aseismic contact here lies within 0.5 bar of failure between events.
The 2001 Peru (M w = 8.4) Event
[16] The 23 June 2001 M w = 8.4 earthquake released the largest moment of any event in the last 30 years and produced over 50 cm of coseismic offset at the permanent GPS tracking station at Arequipa, Peru (AREQ), located roughly 100 km from the coast (Figure 1) . AREQ forms part of the International GPS Service global tracking network used to estimate GPS satellite orbits [Zumberge et al., 1995] . Preliminary source inversions for the main shock place between 1 and 8 m of thrust slip over a broad 200 km Â 300 km asperity centered to the southwest of Arequipa (M. Kikuchi and Y. Yamanaka, Earthquake Information Center seismological note 105, Earthquake Information Center, Earthquake Research Institute, University of Tokyo, 2001, available at http://wwweic.eri.u-tokyo.ac.jp/EIC/EIC_News/ 105E.html; hereinafter referred to as Kikuchi and Yamanaka, electronic publication, 2001) . From the main shock until the time of this writing, 5.0 ± 1.3 cm of coseismic subsidence and 50 ± 10.8 cm of southwest extension have been followed over the past 4 months by 4 ± 1.3 cm of decaying vertical uplift and 9.5 ± 1.0 cm of continued southwest directed extension. Here we have corrected for interseismic strain accumulation at rates estimated from the 2 years of data prior to the earthquake. As of early 2002 the station continues to move, although the rate of postseismic deformation is steadily declining (Figure 4) . As with the Jalisco earthquake, the postseismic rebound is diagnostic of creep down dip of the main shock, under the AREQ GPS station rather than offshore of it. The best fitting postseismic centroid lies beneath and slightly southwest of AREQ, along the same azimuth as the 8-m slip patch imaged by Kikuchi and Yamanaka, (electronic publication, 2001) but at the lower limit of their inferred 1-m slip contour. Interpreting the postseismic deformation as a proxy for postseismic moment release and accounting for the difference between the postseismic centroid-AREQ distance and the coseismic centroid-AREQ distance yields roughly a 20% additional moment release during the 4 months since the event. The Kikuchi and Yamanaka (electronic publication, 2001) slip distribution can also be used to estimate Coulomb stress changes at the postseismic centroid which, like the Jalisco and Sanriku events, produces both large increases in reverse shear stress of 0.8 bar along with decreases in fault-normal stress, again resulting in large positive Coulomb stresses for all reasonable coefficients of fault friction. 1.1.4. The 1995 Antofagasta, Chile (M w = 8.1), Event
[17] By way of contrast, the 1995 Antofagasta, Chile, earthquake, recorded on the GeoForschungsZentrum Potsdam SAGA network, showed no such deformation following the event, despite coseismic offsets in excess of 1 m [Klotz et al., 1999] , nicely illustrating a global heterogeneity in interplate coupling styles ( Figure 5 ). Although welllocated aftershocks show clustering extending to depths of 50 km along the plate interface [Sobiesiak, 2000; Husen et al., 1999] , available estimates from the SAGA GPS array, teleseismic inversions, and InSAR all confine the 1995 slip to shallower than 35 km, or roughly only the upper half the seismogenic zone as estimated from thermal models of the plate interface [Delouis et al., 1997; Ihmlé and Ruegg, 1997; Klotz et al., 1999; Carlo et al., 1999; Pritchard et al., 2002; Comte et al., 1994; Comte and Suarez, 1995; Aruajo and Suarez, 1994; Oleskevich et al., 1999] . This may be a key difference in terms of explaining the lack of any observable postseismic creep. The 1995 event was both preceded and succeeded by M w = 7 earthquakes down dip of the 1995 rupture. A M w = 7.5 event broke below the center of the 1995 slip, followed by a M w = 7.2 down dip event of the southern region in 1988. In 1998 an M w = 7.0 event occurred down dip of the northern half of the 1995 event [Dziewonski et al., 1997; Carlo et al., 1999] , which is probably related to the Antofagasta main shock.
[18] The slip distributions for the Antofagasta event predict reverse shear stress increases at the metastable transition to be less than that observed at Jalisco and Sanriku, but not substantially so. The 0.1 bar of shear stress increase and 0.01 bar decreased normal stress primarily reflect the greater distances involved in the Chilean convergent margin to the inferred metastable region. Thus it is not clear why the Chile event was not succeeded by any detectable moment release. Dislocation modeling indicates that slip of more than a few decimeters at the transition would be observable at the continuous GPS station.
[19] Even more enigmatic is the dearth of afterslip along the main shock fault, which is resolvable to within a few parts in a thousand of the main shock with current GPS accuracy. This fact raises the question of whether most formulations of state-dependent friction laws, which imply a healing distance over which postseismic afterslip should occur, are applicable to this interface [Scholz, 1998] . There is some hint of postseismic deformation, currently under study with InSar [Reigber et al., 1997] , which has occurred over the years since the event. However, this deformation is not regionally consistent with elastic strain release along the plate interface and, due to the longer timescales over which it seems to be occurring, is more difficult to directly relate to interface creep.
Discussion
[20] The earthquakes described here are some of the first to be continuously monitored with GPS. That three out of four of them show continuous and rapid aseismic strain release would indicate that these large events typically decay into seismically undetectable slow slip rather than ending abruptly. Two of them clearly show that slip along Figure 6 . Observed spectrum of postseismic moment release following great subduction earthquakes. Older events, measured with campaign triangulation or leveling, show deformation over months to years. More recent events, captured with continuous GPS, indicate that rapid steady decay of deformation occurring over timescales starting at the seismogenic and extending through hours, days, and weeks is not unusual. The division between these two categories is thus governed more by the nature of the observations than the nature of the postseismic deformation. Together, these reports would suggest that great subduction zones do not stop abruptly but steadily decay into slow slip down dip of their seismogenic zones, thus deforming postseismically over all timescales, with spectral power, not necessarily equal, ranging from seconds to centuries. References are for 1960 Chile, Linde and Silver [1989] and Barrientos et al. [1992] ; 1992 Sanriku, Kawasaki et al. [1995] ; 1994 Sanriku, the deeper metastable region can be modulated by rupture updip. This has implications for both moment tabulation as well as earthquake nucleation and the concept of characteristic earthquakes in subduction zones.
[21] First, it is important to note that only the recent installation of continuous geodetic monitoring has permitted observation of this phenomenon. Comparable slow moment release in historical earthquakes, observed without continuous measurements, would be erroneously attributed to coseismic release if campaign-style reoccupation took place even weeks or months following the main shock. For vertical leveling, a traditional method, this can significantly skew the estimated amount of slip, since the postseismic vertical deformation often shows opposite polarity of the coseismic. This is illustrated by Figure 6 , which presents well-studied earthquakes in which postseismic deformation has been documented. The events fall into two natural categories whose division appears governed more by the nature of the observations than the nature of the postseismic deformation. The first group consists of the recent events which were continuously monitored and show postseismic deformation detectable over timescales of days to years. For these events, insufficient time has passed to judge whether the observed deformation will continue over decades or longer. The second group consists of older events whose postseismic deformation has been intermittently recorded with leveling and triangulation. These events all show deformation that continues today, but the intermittency of the observations does not resolve shorter timescale deformation. Together, these reports suggest that most subduction zones deform postseismically over all timescales, with spectral power, not necessarily equal, ranging from hours to centuries.
[22] Just as main shocks load the deeper plate contact, postseismic slip here will tend to reload the seismogenic zone updip. Such reciprocal stress transfer could lead to complex recurrence intervals and suggests that the concept of characteristic earthquakes may not be readily applicable to subduction zones. Moreover, continuous GPS has established a wide variety of moment release styles, all of which are invisible to seismology and campaign geodesy, which will impact recurrence intervals. These include both silent earthquakes, deformation events lasting days, weeks, and months without the presence of an earthquake [Kawasaki et al., 1995; Dragert et al., 2001; Lowry et al., 2001; Freymueller et al., 2001 ] and short-term postseismic transients decaying over years and months [Nakano and Hirahara, 1997; Heki and Tamura, 1997; Kogan et al., 1999; Bürgmann et al., 2001] . Continuous GPS measurements have also indicated overall variability in interplate coupling, documenting freely slipping convergent margins showing negligible strain or seismicity [Savage and Lisowski, 1986; Freymueller and Beavan, 1999] , strongly coupled seismogenic interfaces [Mazzotti et al., 2000] , along-strike variation between slight and full locking [Hirose et al., 1999] , and even evolution from seismogenic to aseismic creep within the same fault zone [Walcott, 1978; Á rnadóttir et al., 1999; Owen et al., 2000] . As aseismic transients are most likely to occur along strong gradients in creep rate [Lapusta et al., 2000] , at metastable regions these transients might conceivably trigger seismogenic rupture. In time, continuous monitoring may demonstrate that the simple model of sustained interseismic strain accumulation punctuated by sudden coseismic release is not just overly simplistic but, in fact, is rarely applicable to megathrust earthquakes.
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